Abstract: By means of MP2 and DFT computations we predict gas-phase acidities and liquid-phase (MeCN) acidities of (di)carboxylic acids derived from icosahedral ortho, meta, and para-carboranes. For comparative purpose, we include the benzoic and phthalic acids. Substitution of benzene by a carborane cage -cage effect -strikingly increases the GA for the (di)carboxylic acids, being the ortho isomers always the most acidic, following the order ortho >> meta > para. The computed GA of the dicarboxylic acid derived from ortho-carborane is far lower than sulphuric acid, due to an enhanced stabilization of the carboxylate through an intramolecular OHO bridge connection, also taking place in phthalic acid. The change of GA relative to ortho, meta and para positions of the carboxylic groups − isomer effect − is larger for carboranes. As regards to liquid-phase (MeCN), the computations show that carborane (di)carboxylic acids also show a larger acidity as compared to the phthalic acids and that the dicarboxylic orthocarborane is also a superacid in the liquid phase (MeCN), due to the OHO bridge connection in the carboxylate, as in the gas phase. Additional computations show how much of this isomeric effect is to be attributed to the electronic delocalization.
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Introduction.
Chemical reactions can be simply classified as acid/base, redox and electron transfer [1] . The tabulation of chemical data and chemical reactions for organic molecules is very comprehensive and gathered in text [2] and review books [3] . The combination of inorganic polyhedral heteroboranes [4] with organic moieties is less explored [5] . Given the polyhedral nature of heteroborane molecules -in this work carborane mono-and dicarboxylic acids respectively -from a chemical reactivity point of view, transferability is more difficult to define for these compounds [6] . Therefore, tabulation of acid/base properties of (di)acids derived from heteroboranes may give more insight into the prediction of reaction mechanisms with other organic molecules, such as amino acids, proteins and biomolecules in general [7] . We should also emphasize that heteroboranes are not found in Nature. Returning to the acid/base reactions, the gas-phase acidity (GA) is the ease (driving force) for a molecule AH to release a proton H + [8] . The lower the value of GA, the larger the acidity. A superacid is an A-H system able to release a proton more easily than in sulphuric acid H 2 SO 4 , the latter with GA = Δ r G 0 = 1265 kJ·mol − 1 [9] . For instance, a recent research issue is to define the strongest acid using a common icosahedral (car)borane frame (B 12 X 12 ) 2 − [10, 11, 12] and (HCB 11 X 11 ) − [13, 14, 15, 16] . The protic acids derived from these moieties are expected to be superacids, able to protonate neutral molecules and thus act as Brønsted-Lowry acids [17] . On the other hand, the Hammett acidity function (H 0 ) is a measure of acidity that is used for very concentrated solutions of strong acids, including superacids and is the best-known acidity function used to extend the measure of Brønsted-Lowry acidity beyond the dilute solutions for which the pH scale is useful [18, 19] .
In this work we study the molecules derived from substituting hydrogen atoms in carborane C-H bonds by carboxylic groups COOH, in icosahedral ortho, meta, and para carboranes and predict, by means of quantum-chemical computations, gas-phase (GA) and liquid-phase (MeCN) acidities (pK a ). In order to compare these properties we also include the benzene anologues with one or two carboxylic groups in different positions, namely, benzoic acid, phthalic (ortho), isophthalic (meta), and terephthalic (para) acids.
We would also like to highlight the differences in the properties of molecules when subtituing (2D) benzene rings by carboranes (3D) cages [20] .The structures of the compounds included in this work are displayed in Figure 1 & 2 (see also Supplementary
Information -SI -for the corresponding optimized geometries). At this point, we
should emphasize that in a recent work [21] , we measured (and computed) a gas-phase acidity (GA) of 1325 (1321) kJ·mol -1 for (2a, Figure 1 ) the carboxylic acid derived from icosahedral meta-carborane 1-(COOH)-1,7-C 2 B 10 H 11 . However, as we will discuss below, these experiments could not be carried out for the carborane dicarboxylic acids, due to the much larger acidity of the latter. Finally, a delocalization energy analysis of the compounds included in this work is also carried out in order to assess the role of the delocalization of the four π electrons of the carboxylic moieties with respect to the acidity.
Labelling of the compounds:
The labels for the compounds included in this work are chosen as follows, as shown in Figures 1 & 2: #a labels a carborane carboxylic acid; #b labels the anion (carboxylate) derived from #a by deprotonation of the carboxylic group; #c labels a carborane dicarboxylic acid; #d labels a carboxylate derived from #c by deprotonation of one of the carboxylic groups; #e labels a dicarboxylate derived from #d by deprotonation of the second carboxylic group; Numbers # ={1, 2, 3} refer to {ortho, meta, para} respectively. As for the benzoic acid and its deprotonated (benzoate) form we use labels 4a and 4b respectively. For dicarboxylic acids derived from benzene -phthalic, isophthalic and terephthalic acid -we use the labels 4$, 5$, and 6$, respectively, following $ = {c, d, e} for {neutral, carboxylate, dicarboxylate}, respectively, referring to first and second deprotonation of the carboxylic moieties.
Computational Methodology
All computations in this work related to gas-phase (GA) and liquid-phase (pK a ) acidities were carried out with the suite of programs Gaussian09 [22] . As theoretical methods for the gas-phase computations, we used Møller-Plesset 2 nd -order perturbation theory (MP2) [23] and hybrid HF-DFT methods with the B3LYP functional [24, 25] and basis set 6-311+G(d,p), which is of triple-ζ quality, with polarization functions for all atoms and diffuse functions for boron and carbon. The thermochemistry of neutral molecules, monoanions and dianions in the gas phase were computed as the contribution of the electronic energy -nuclear repulsion included-(E el ), the zero point vibrational energy (ZPE) and the computed thermal energy, enthalpy and Gibbs energy change from T = 0ºK to the working temperature T = 298.15 ºK (ΔG 0 →298.15 ºK), i.e.:
(!)
with X = {E, H, G} for energy, enthalpy and Gibbs energy respectively.
As regards to liquid-phase computations (MeCN), the pK a values were obtained using the thermodynamic cycle shown in Scheme 1 below, following the strategy of Psciuk et al. [26] . Scheme 1. Thermodynamic cycle used for pK a computations in MeCN (n stands for the number of acidic protons and m for the charge).
The solvation contribution was obtained as the difference between the electronic energy of the optimized structures of the neutral species, monoanions and dianions in the gas phase and in solution. pK a s in acetonitrile were computed using the SMD implicit solvation model [27] . Solvation free energies were computed at the SMD/B3LYP/6-31++G(d,p) and SMD/B3LYP/6-311+G(d,p) level of theory; Gaussian default values [22] were used for solvent parameters. The change of standard state, from 1 atm to 1 mol·L -1 , was included in the pK a computations, and the number of equivalent protonation/deprotonation sites was also taking into account. For pK a computations in solution, the absolute free energy of the solvated proton is a critical parameter, usually computed as the contribution of the absolute free energy of the proton in the gas-phase at standard temperature and pressure (-26.28 kJ·mol -1 at 298.15ºK), which is obtained with the Sackur-Tetrode equation [28] , and the Gibbs energy of proton solvation in
We use a value of 1067.34 kJ·mol -1 for the proton solvation in MeCN [29] .
An alternative way for the computation of the pK a 's is by use of the Gibbs energy of the optimized structures of the neutral species, the monoanions and the dianions in solution together with the Gibbs energy of the proton solvation (as above), e.g. for the acid-base equilibrium:
and the corresponding pK a is given by the following equation:
with the superscript "*" referring to a standard state of one mole per liter.
The geometries of all molecules (neutral, anions and dianions) were optimized to stationary points corresponding to energy minima in their corresponding potential those pK a 's were calculated using the minima found in the gas phase and the corresponding solvation energy as computed with the Gaussian09 package. Obtained values should be basically right as geometries in the gas phase should be similar in acetonitrile.
As for the delocalization energies, we used the BLW formalism [30] in the computations with a modified version of the GAMESS program [31] at the B3LYP level of theory and the 6-311+G(d) basis set [24, 25, 32] . In this particular case, we avoid the use of polarization p-functions on hydrogen in order to avoid spurious π orbitals on these atoms. As implemented in GAMESS, the B3LYP formalism uses the VWN5 correlation functional [33] . We should emphasize that when the four electrons of the acidic moieties are constrained to be located on the π atomic orbitals of the acidic moieties, the remaining electrons of the system are restrained and cannot delocalize on these moieties, thus making a strict localization constraint.
Results and Discussion.

Gas-phase acidities (GA)
The results from electronic structure computations and computed GA are gathered in Table 1 for icosahedral carborane (di)carboxylic acids, together with the corresponding (di)carboxylate species, 1a thru 3e. In Table 2 we display these values for benzoic and phthalic acids and the corresponding (di)carboxylate forms 4a thru 7e. In Figure 1 and Figure 2 we display the optimized structures of these molecule for the carborane and benzoic/phthalic acids respectively, using the MP2/6-311+G(d,p) level of theory. All geometries correspond to energy minima at this level of theory. The Cartesian coordinates of the optimized geometries of all molecules included in this work are gathered in the Supporting Information (SI). We should emphasize that in order to follow the differences and strengths between (di)acids, the lower the value of GA, the larger the gas-phase acidity, or ease for proton detachment. The GAs are always reported in kJ·mol -1 .
In Table 1 we gather the GA of the ortho (1a), meta (2a) and para-carborane (3a)
carboxylic acids, the major difference being for the ortho acid, when compared to the meta and para analogues, see also Figure 3 . Note that these GA correlate with the experimental dipole moments of 4.53, 2.85, and 0.0, respectively, for the simple icosahedral ortho-carborane, meta-carborane and para-carborane. 34 Hence orthocarborane acid 1a is much more acid (by ≈ 40 kJ·mol -1 !) than the meta analogue 2a,
being the latter more acid to a lesser extent (by 7 kJ·mol -1 ) than the para analogue 3a.
In other words, the ionization constant for the ortho acid 1a is hugely (exponentially)
larger as compared to the meta and para acids. If we change the carborane cage (3D) by a benzene ring (2D) we have the benzoic acid - Figure 2 , Table 2 -with GA(4a) = 1390 kJ·mol -1 (comp) / 1394 kJ·mol -1 (exp), with a much larger GA. Therefore, in the gas phase, the carborane monocarboxylic acids 1a, 2a and 3a are much more acidic than the benzoic acid by 110 kJ·mol -1 !!, 70 kJ·mol -1 , and 65 kJ·mol -1 respectively, hence what we call a carborane cage effect. The fact that the midpoint of the C-C and C···C vectors in the ortho-and meta-carborane, respectively, is a center of the positive charge 35 might be considered as a driving force for it since the dipole moment of benzene is zero.
Substitution of benzene by an icosahedral carborane cage turns into a huge increase of gas-phase acidity GA, with a striking increase for the ortho acid.
Substitution of the hydrogen atom in the cage C-H bond in carborane carboxylic acids 1a, 2a and 3a turns into dicarboxylic acids, 1c, 2c and 3c. The presence of a second carboxylic group involves a considerable lowering of GA -acidity enhancement -by 60 kJ·mol -1 !, 15 kJ·mol -1 and 8 kJ·mol -1 , for the ortho, meta and para-carborane isomers respectively -see Table 1 and Figure 3 . The enhanced acidity for the ortho dicarboxylic acid (1c) is due to the O···H···O bridge interaction, as shown in Figure 5 . We now turn to the carborane carboxylate anions 1d, 2d and 3d, and the phthalic analogues 5d, 6d and 7d. Analysis of the GA for the monocarboxylates show that the acidity order is inverted, as compared to the dicarboxylic acids, as shown in Figure 3 and Figure 4 . The deprotonation of a dicarboxylic acid in the gas-phase involves a charge density redistribution which strengthens the remaining O-H bond from the carboxylic group, hence the much larger GA 2 , as compared to GA. The GA 2 lowerings are more significant for the ortho isomers in the acid anions, as opposed to the diacid neutral systems, again due to the hydrogen intramolecular interaction between the two carboxylate groups. Therefore there is an inverted isomer effect for the deprotonated systems. The cage effect remains unaltered in the carborane anions, with larger GA 2 in the phthalic anions, as compared to the carboranes, for a given isomer. A summary of the results and the discussion of this section is displayed in Figure 3 and Figure 4 , where the most acidic systems are encircled with a dashed line, namely, the ortho-carborane dicarboxylic superacid (1c) -most acidic system in this work -and phthalic acid (5c).
Hence combination of organic and inorganic moieties within boron chemistry may result in interesting and unexpected acid behavior.
Liquid-phase acidities.
The instability of carborane carboxylic and dicarboxylic acids in aqueous solution precludes the determination of the acidity in this solvent; therefore the corresponding pK a values were computed in acetonitrile (MeCN) as a solvent. The dielectric constant of MeCN (ε = 36.0) is smaller than that of water (78.5), [36] the same applies to the autoprotolysis constant ( pK autoprotolysis (MeCN) ≥ 33 ), [37] which implies that MeCN has low basicity and extremely low acidity, and as a result it shows a limited capacity to stabilize anions by hydrogen bonding [36] . All this leads to higher pK a values in MeCN in comparison to aqueous solution.
The results obtained using both the thermodynamic cycle (Scheme 1 above) and the direct computations of Gibbs energies (Equation 3) of the optimized structures in solution are shown in Table 3 and Table S2 of the Supplementary Information. The values obtained are very similar, with differences within one pK a unit.
The computed pK a for benzoic acid is similar to other values found in the literature, both experimental and theoretical, and thus are expected the remaining computed values. The first deprotonation (pK a,1 ) should match the experimental acidity constants within one pK a unit, which also holds for isophthalic and terephthalic acids. In acetonitrile the general trend is similar, as compared to the gas phase; the carborane cage has an acidifying effect due to the different electronic distribution as mentioned above. Table 3 . pK a values from quantum-chemical computations, for the compounds studied in this work, using the SMD/B3LYP/6-311+G(d,p) model a , MeCN as solvent, and T = 298 K. See Figure 1 and Figure 2 for 17.01 [40] 20.03 [40] 19.8 [40] (5d) The ortho-carborane carboxylic acid (1a) is ca. 9 pK a units more acidic than benzoic acid. As in gas phase, 1a is largely more acidic than the meta (2a) and para isomers (3a), ca. four pK a units. A similar trend is observed when comparing the first ionization (pK a,1 ) of phthalic acids and carborane dicarboxylic acids. The presence of the second carboxylic group enhances the acidity, to a much larger extent for the ortho isomer (1c)
-as in the gas phase -due to the contribution of the carboxylate ion stabilized by intramolecular hydrogen bonding, as shown in Figure 5 . The ortho-carborane dicarboxylic acid (1c) will also behave as a superacid in the liquid phase (MeCN), since the computed pK a (ca. 4.7) -see Table 3 -is lower than the pK a of H 2 SO 4 measured in acetonitrile (ca. 7.3) [42] .
Turning now to the substitution of the carborane cage (3D) by a benzene ring (2D) , the computed pK a,1 for phthalic acid (5c) is different from that measured in the lab, although its higher acidity than in isophthalic (6c) and terephthalic (7c) acids is properly predicted. Taking into account the experimental value of phthalic acid, it could be expected that the pK a,1 of the ortho-carborane dicarboxylic acid (1c) should be lower ca.
6.5 units. A value of pK a,1 ca. 9 can be expected, taking into account the decrease when moving from isophthalic(6c)/terephthalic(7c) acids to phthalic acid. This pK a,1 approaches to 6.5 as the energy rise, due to the benzene ring distortion by the formation of the intramolecular hydrogen bonding in phthalic monocarboxylate (5d) - Figure 5 which does not appear in the ortho-carborane monocarboxylate (1d), and the acidifying effect of the carborane cage. Again, a larger cage C···C distance ( Figure 5 ) provides an enhanced stabilization for the carboxylate [44] . Notice that the hydrogen and oxygen atoms involved in the intramolecular hydrogen bond do not lie on the same plane of the benzene ring carbon atoms, as shown in Figure 5 . Selected geometrical parameters of the optimized structures of the monocarboxylate of phthalic acid (5c) and orthocarborane dicarboxylic acid (1c) are collected in Table S1 of the Supplementary Information. Table 3 also includes the pK a,1 values for ortho dicarboxylic acids, both phthalic and carborane, in absence of intramolecular hydrogen bond. If we take a structure without hydrogen intramolecular interaction, the acidity of phthalic isomers is almost the same, whereas in ortho-carborane dicarboxylic acid (1c) appears to be more acid than the meta (2c) and para isomers (3c). Hence, the carborane cage effect is also valid in the liquid phase, and the pK a,1 s for carborane acids are lower than in the phthalic analogues.
The pattern for the second deprotonation (pK a,2 ) is similar for phthalic (5d-7d) and carborane dicarboxylic acids, meta (2d) and para (3d) isomers more acidic than ortho (1d), again as a result of the intramolecular hydrogen interaction in orthomonocarboxylates - Figure 5 , thus explaining the order relation pK a,2 ortho >> pK a,2 meta , pK a,2 para . The carborane dicarboxylic acids (1d-3d) are more acidic than phthalic acids (5d-7d) by ca. six pK a units. These pK a,2 values should be considered with caution since the quantum-chemical computation of solvated doubly charged anions is less reliable as compared to monovalent anions [43] .
The explanation for the superacidity of 1c as compared to 5c -both in the gas phase and liquid phase -is clearly due to the enhanced stability of the carboxylate anion 1d, originating from the longer C 1 -C 2 bond [44] in the carborane 1c as compared to the shorter C 1 -C 2 bond in phthalic acid 5c, and the electron-acceptor nature of polyhedral (car)boranes [45] .
Delocalization energies.
How do electrons delocalize in carborane carboxylic (1a-3a) and dicarboxylic acids (1c-3c)? In order to answer this question we will compare the delocalization in these systems with those in benzoic (4) and phthalic acids (5-7), as we did for GAs and pK a s in the previous sections. The delocalization can be addressed in general cases with a variety of methods such as the standard Natural Bond Orbital analysis (NBO) -with second order terms [46, 47] or specifically designed approaches with strong localization constraints such as the ALMO-EDA method (absolutely localized molecular orbitalEnergy Decomposition Analysis) [48] or the block-localized wavefunction analysis (BLW) [49] . We use the latter in a very standard way by comparing the situation where the four π electrons of the COOH carboxylic acid moieties are kept local in the π orbitals that are located on the acid moieties, with respect to the situation where all electrons delocalize. A similar strategy is used for the other cases [50] . From these two computations we retrieve the energy and electron density in order to compute the "Vertical Delocalization Energy" and the electronic density difference respectively.
Such density differences are plotted with the VMD program [51] .
We also take into account the isomerization energy with respect to the more stable para isomer:
A positive isomerization energy for nx means that this isomer is less stable than the para isomer 3x. Such an isomerization energy can be calculated with energies of standard (delocalized) computations (labeled "Isom Deloc "), or with localization constrains (labeled "Isom Loc ").
Carborane carboxylic and dicarboxylic acids
The VDE values for these systems are displayed in Table 4 , and organized in two different groups: one concerning a carboxylic acid, COOH delocalization (1a-3a, 1c-3c, and 1d-3d) and that of a carboxylate base COO(-). Except for 1d, which embeds some spurious terms (vide infra), the carboxylic acid delocalization energy amounts to 28-32 kJ/mol, while the COO(-) value is about half of that (17-19 kJ/mol). In the Figures corresponding to this section, the green/red areas correspond to an increase/decrease of the density when the electron localization constrain is released. The plot of the electronic density difference map for the cases 3a and 3b (Figure 6 ) show the characteristic delocalization pattern, from the C-B bonds of the carborane cage to the C-C bond that links the carborane to the carboxy group. This contributes to strengthen the C-C bond as a kind partial of π double bond as shown by the shape of the green parts of the electronic density difference. It is also shown that the donation from the carborane is much smaller for the anion. Therefore the COO(-) moiety has a larger contribution to this partial π double bond, being consistent with the fact that COO(-) is a priori a better donating group than COOH.
Other delocalization (edd) maps are depicted in Figure 7 . The pattern always corresponds to that already shown in Figure 6 . Only isomer 1d differs: its delocalization pattern is much larger than in other cases, and the COOH part clearly borrows some additional electronic density from the neighbouring COO(-) moieties, thus resulting in a larger delocalization energy (67 kJ/mol - 
Benzoic and phthalic acids
The delocalization energies computed for the carborane cases can be compared to those from benzoic and phthalic acids. Table 5 shows the results obtained for the latter. We
show that (as for carboranes) the delocalization energy is larger for the carboxylic COOH moiety (more than 45 kJ/mol) than in the carboxylate COO(-) (28 kJ/mol). The density differences shown in Figure 8 are also (consistently) smaller for the anion COO(-). It is clear from Table 5 that the pattern is similar for the di-substituted cases;
the neutral dicarboxylic acids (5c-7c) have a larger delocalization energy (about 45 kJ/mol) compared to carboxylate anions (5d-7d), about 28 kJ/mol. As shown in Figure   8 and Figure 9 , the donation takes place again from the cycle to the direction of the COOH or COO(-) moiety. The energy difference between the isomer shows that the ortho isomer is strongly disfavoured (by 30 kJ/mol). 
Conclusions
The computed gas-phase acidities (GA) and liquid-phase acidities (pK a ) for carboxylic and dicarboxylic acids derived from icosahedral carboranes (1a-3a, 1c-3c) show the following points:
(1) Cage effect : Striking increase of acidity when substituting a benzene ring (phthalic acids) by an icosahedral carborane cage.
(2) Isomer effect: The ortho isomer is always the most acidic due to enhanced stability of the carboxylate thru O···H···O bridge interactions.
(3) Acidities always follow the order relation ortho >> meta > para. Electron density difference (edd) drawings for the benzoic diacids in ortho, meta, para position (5c, 6c, 7c), the corresponding anions (5d, 6d, 7d) and dianions (5e, 6e, 7e). We plot in green the areas where the density increases when the electron localization constrain is released, and in translucent red those where it decreases. Isosurfaces represented correspond to ± 5 × 10 -4 au.
